Fibrillin microfibrils are 10-12 nm diameter, extracellular matrix assemblies that provide dynamic tissues of metazoan species with many of their biomechanical properties as well as sequestering growth factors and cytokines. Assembly of fibrillin monomers into microfibrils is thought to occur at the cell surface, with initial steps including proprotein processing, multimerization driven by the C terminus, and the head-to-tail alignment of adjacent molecules. At present the mechanisms that regulate microfibril assembly are still to be elucidated. We have used structure-informed protein engineering to create a recombinant, GFP-tagged version of fibrillin-1 (GFP-Fbn) to study this process. Using HEK293T cells transiently transfected with GFP-Fbn constructs, we show that (i) the C-terminal propeptide is an essential requirement for the secretion of fulllength fibrillin-1 from cells; (ii) failure to cleave off the C-terminal propeptide blocks the assembly of fibrillin-1 into microfibrils produced by dermal fibroblasts; and (iii) the requirement of the propeptide for secretion is linked to the presence of domains cbEGF41-43, because either deletion or exchange of domains in this region leads to cellular retention. Collectively, these data suggest a mechanism in which the propeptide blocks a key site at the C terminus to prevent premature microfibril assembly.
T he 10-to 12-nm-diameter microfibrils of the extracellular matrix (ECM) provide the tissues of metazoan species with many of their biomechanical properties. They also provide a scaffold for elastin deposition during elastogenesis and play a role in matrix regulation by sequestering growth factors such as transforming growth factor-β and the bone morphogenetic proteins. Fibrillins are a group of large (∼350 kDa), calcium-binding glycoproteins that are the major constituents of the microfibrils. Three fibrillin isoforms, fibrillin-1, -2, and -3, exist in humans. Mutations in the gene encoding fibrillin-1 (FBN1) lead to a range of inherited connective tissue disorders such as Marfan syndrome (MFS) and a group of disorders, including Weill-Marchesani syndrome, geleophysic dysplasia, and acromicric dysplasia, that are collectively referred to as acromelic dysplasias (1) .
Despite progress in understanding the molecular and supramolecular organization of fibrillin and microfibrils, microfibril assembly and its regulation remain poorly understood. This information is fundamental to understanding the molecular pathogenesis of gain of function and loss of function diseases associated with FBN1 mutations. The assembly of fibrillin monomers into microfibrils occurs at the cell surface (2) . Just before or after secretion, the propeptide sequences from the N and C termini are cleaved by furin (Fig. 1A ) (3) (4) (5) (6) at sites that have been conserved through evolution (7, 8) . A regulatory role for the C-terminal propeptide was suggested by a study of a MFS-associated R2726W substitution in fibrillin-1 (9) , which resulted in a loss of mutant Cterminal processing and a lack of incorporation of the unprocessed material into the insoluble matrix of cultured dermal fibroblasts. Inhibition of furin, using the inhibitor DecRVKR-CMK, also reduces microfibril assembly in fibroblast cultures (6) , indicating that proprotein processing is a requirement for fibrillin incorporation into the matrix.
Following processing, the secreted molecule undergoes a multimerization step regulated by the last four domains, including domains cbEGF41-43 (10) . Although these domains direct this process, they do not form part of the multimerization domain, which is yet to be identified. Multimerized C-terminal fragments of fibrillin-1 have a high affinity for fibronectin, the presence of which is essential for microfibril assembly in higher metazoans (11) . Multimerization also increases the apparent affinity of the fibrillin-1 C terminus for N-terminal fragments (10) and interactions between these regions lead to the head-totail arrangement of fibrillin monomers within the microfibril (12) (13) (14) . Heparan sulfate proteoglycans play an essential role in microfibril assembly (15) most likely by localizing fibrillin to the cell surface and enhancing the avidity of interactions between the N and C termini (13) . Recently, a heparin sulfate binding site was localized to the first four domains of fibrillin-1, with contributions from Arg62 in the fibrillin unique N-terminal domain (16) .
Using data obtained from the determination of the structure and dynamics of the first four fibrillin-1 N-terminal domains (16, 17) , we have developed a variant of fibrillin-1, GFP-Fbn, in which a GFP tag is positioned within a series of unstructured glycine residues at the N terminus of the processed protein.
Using cocultures of human dermal fibroblasts with HEK293T cells transiently transfected to express GFP-Fbn, we studied how wild-type and mutant fibrillin-1 polypeptides are incorporated into microfibrils. Using a mutant form of fibrillin-1 in which the C-terminal propeptide cleavage site is inactivated, we show directly that unprocessed fibrillin-1 is secreted but prevented from incorporating into microfibrils. A further series of mutant constructs show that both the propeptide and domains cbEGF41-43
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Fibrillin microfibrils are extracellular matrix assemblies that provide the connective tissues of metazoan species with many of their biomechanical properties. They are also involved in regulating the production of extracellular matrix through their interactions with growth factors such as transforming growth factor-β. The process of microfibril assembly and its regulation are poorly understood. We have investigated the role of the conserved C-terminal propeptide of fibrillin-1 using an in vitro microfibril assay in which HEK293T cells, transiently expressing a GFP-tagged variant of fibrillin-1, are cocultured with fibroblasts to produce a recombinant microfibril network. Our data show that the C-terminal propeptide plays a crucial role in preventing premature intracellular microfibril assembly.
are required for the normal secretion of full-length fibrillin-1 from cells and that deletion of the C-terminal cbEGF domains results in defective microfibril binding. These data indicate an interdependence of the fibrillin C-terminal propeptide and domains cbEGF41-43, and suggest a model in which the C-terminal propeptide acts intramolecularly to prevent premature intracellular association.
Results

GFP-Fbn Secreted by HEK293T Cells Incorporates into Fibroblast-
Derived Microfibrils in the ECM. We have previously shown that the N terminus of the mature fibrillin-1 polypeptide, starting at Arg45 after furin cleavage, is highly flexible and unstructured (17) . To create GFP-Fbn, the sequence encoding GFP was inserted within this flexible region, between Gly47 and Gly48 (Fig. 1A) . The GFP tag is also flanked on its C-terminal side by six glycine residues (Materials and Methods), providing a flexible linker to minimize interference with the known intermolecular interactions of the N-terminal fibrillin-1 domain. The resulting fusion protein undergoes secretion and furin cleavage as expected for native fibrillin-1 (Fig. 1B) .
Previous work (2, 18, 19) showed that fibrillin-1 produced by epithelial and HEK293 cells does not assemble, but could be incorporated into a microfibril network produced by fibroblasts. We therefore established a system in which HEK293T cells, which produce low levels of endogenous fibrillin-1 and are readily transfectable, are transiently transfected and cocultured with human skin fibroblasts, allowing the incorporation of the recombinant GFP-Fbn into the fibroblast-derived microfibril network. We used an anti-GFP antibody to show that the recombinant GFP-Fbn protein was deposited into the extracellular matrix in a network that was continuous with the network produced by the fibroblasts in the coculture (Fig. 1C) . Direct visualization of autofluorescent GFP-Fbn was not possible in the ECM, most likely due to the relatively low concentrations of recombinant protein diffusing to the sites of assembly on the fibroblasts. HEK293T cells expressing GFP-Fbn were not able to produce a microfibril network in the absence of fibroblasts (Fig.  S2 ). GFP-positive network formation was inhibited by heparin ( Fig. S3 ), demonstrating that it is dependent on fibroblastderived microfibril assembly. Fibronectin staining of GFP-Fbn cocultures was unaffected by heparin. Thus, this transient system recapitulates the features of microfibril assembly exhibited by fibroblast cultures alone.
Fibrillin-1 C-Terminal Propeptide Blocks GFP-Fbn Incorporation into
Microfibrils. Pulse-chase studies have shown that the furin inhibitor, DecRVKR-CMK inhibits incorporation of fibrillin-1 into the ECM, indicating that processing of fibrillin-1 is a requirement for microfibril assembly (6) . To specifically investigate the role of C-terminal propeptide processing, we substituted residues R2730 and R2731 (Fig. 1A) at the C-terminal furin cleavage site with alanines to create GFP-FbnRRAA. This construct was soluble and secreted into the medium at a similar concentration to GFP-Fbn (Fig. 1B) , and the observed increase in mass of the GFP-FbnRRAA protein relative to GFP-Fbn confirms the lack of cleavage of the C-terminal propeptide. Despite its secretion into the culture medium at levels comparable to those seen for GFP-Fbn, no GFP-labeling of microfibrils in cocultures of fibroblasts with HEK293T cells expressing GFP-FbnRRAA was observed (Fig. 1C ) in multiple (n > 10) independent experimental repeats. This result shows directly that covalent attachment of the C-terminal propeptide blocks incorporation of fibrillin-1 into microfibrils.
C-terminal Propeptide Is Required for Secretion of Full-Length
Fibrillin-1 from Cells. The effect of removing the C-terminal propeptide on fibrillin-1 secretion and microfibril assembly was investigated by replacing the codon for residue S2732 (Fig. 1A) , immediately downstream of the C-terminal furin cleavage site, with a stop codon (N-2Cys). Western blots of cell lysates and medium of cells transfected with this construct showed that it was retained in cells ( Fig. 2A) , indicating that the propeptide was essential for the secretion of full-length fibrillin-1. Sequential removal of domains from the C terminus showed that constructs truncated at domains cbEGF41, cbEGF42, or cbEGF43 are retained in cells; however, secretion could be rescued by creating shorter constructs truncated at domains cbEGF40 (N-cb40), cbEGF39 (N-cb39), cbEGF38 (N-cb38), and cbEGF37 (N-cb37) ( Fig. 2A) . In all cases where a lack of secretion was observed, RT-PCR was used to show that the effect was not due to decreased RNA expression levels (Fig. S4) .
To determine the effect of intracellularly retained, truncated fibrillin-1 on endogenous wild-type fibrillin-1 secretion, pools of stably transfected MSU-1.1 fibroblast clones were established that express fibrillin-1 minigenes in which the N-terminal domains were fused to C-terminal domains with (N-cb36-Pro) or without (N-cb36-2Cys) the propeptide (Fig. 2B) . N-cb36-Pro was secreted efficiently, whereas the truncated N-cb36-2Cys protein was largely retained within cells, consistent with the HEK293T data. RT-PCR showed that this was not due to differences in RNA expression levels (Fig. S5) . Importantly, the levels of endogenous fibrillin-1 secreted by the recombinant pools were similar, showing that the retained N-cb36-2Cys construct does not interact with endogenous fibrillin-1 to inhibit its secretion.
Several MFS-causing mutations result in substitutions or truncations of the C-terminal propeptide (20) (21) (22) . To investigate the effects of these mutations, we introduced mutations into GFP-Fbn that resulted in either premature termination codons [R2776X (21), Y2489X (22) , and Q2867X (23)] or an amino acid substitution (L2780P; ref. 20) . Because these mutations affect the final exon of FBN1, the truncated transcripts escape nonsense-mediated decay in vivo (24) . Expression of all four MFSassociated variants of GFP-Fbn resulted in intracellular retention (Fig. 3A) . Digestion of cell lysates with endoglycosidase H (Fig. 3B) showed that the MFS-associated variants were only modified by simple sugars, indicating that they are retained in the endoplasmic reticulum, which is consistent with protein misfolding and aggregation (Fig. 3B) . Residue L2780 is of particular interest because it is in a region of relatively high sequence conservation (Fig. 3C) , and its substitution with a proline may lead to structural changes in the propeptide. These data emphasize a requirement for native propeptide structure for the secretion of fibrillin-1 from the cell.
Functional Interactions Between the C-Terminal Propeptide and
Domains cbEGF41-43. Domains cbEGF41-43 have previously been shown to play a role in microfibril assembly through their specific interaction with the fibrillin-1 N terminus of an adjacent molecule, and their role in regulating C-terminal multimerization (10) . To determine whether the deletion of these domains has an effect on the binding of GFP-Fbn to microfibrils, we created the construct Δ41-43 (Fig. 4A) . Despite the presence of the propeptide, Δ41-43 was not secreted from transiently transfected HEK293T cells (Fig. 4B ). This result indicates that this region, in addition to the propeptide, is essential for the secretion of full-length fibrillin-1 and suggests that removal of domains cbEGF41-43 may lead to misfolding or aggregation of the C-terminal region (25) . Replacement of cbEGF41-43 with cbEGF32-34 (32-34swap), which is known to fold independently (26), did not rescue secretion. This finding indicates that the lack of secretion is due to the disruption of a specific interaction rather than a general spatial requirement for the presence of three cbEGF domains. The insertion of a stop codon after the swapped-in cbEGF32-34 region (34X), thus decoupling the C terminus from the propeptide, salvaged secretion (Fig. 4B) . These data suggest that the intracellular retention seen in the Δ41-43 and 32-34swap constructs results from the loss of a critical interaction that stabilizes the C-terminal domains. The N-2Cys construct corresponds to the region from the N terminus to the 2Cys domain (Fig. 1A) . The "N-cb" constructs correspond to truncations encompassing the N terminus to the C-terminal cbEGF domains. Constructs truncated at the 2Cys domain or at domains cbEGF41, cbEGF42 or cbEGF43 were retained in cells whereas constructs truncated at domains cbEGF40, cbEGF39, cbEGF38 or cbEGF37 were secreted. (B) MSU-1.1 fibroblasts were stably transfected with empty pKG52(polyA) vector (39, 43) , which expresses the Nter construct, or plasmids expressing the fusion proteins N-cb36-Pro or N-cb36-2Cys. Fusion proteins expressed by pools of clones were detected using an antibody raised against the fibrillin-1 Prorich domain (orange). The N-cb36 fusions appeared as bands at ∼100 kDa and the Nter control fragment as a band at ∼44 kDa. N-cb36-Pro was secreted into the medium while N-cb36-2Cys was retained in cells, indicating the role of the C-terminal propeptide in the secretion of fibrillin from microfibril-assembling cells. with wild-type GFP-Fbn (Fig. 5 ). In addition, the 34X construct, which is secreted into the medium (Fig. 4B) , displayed results comparable to those seen for N-cb40. These experiments are by their nature only semiquantitative, but independent repetitions (≥3 for each construct) consistently showed defective incorporation of the N-cb mutants. Analysis of media samples ( Fig. 2A) further showed that the reduction in incorporation was not due to a reduction in the level of secretion of these constructs. These data highlight the importance of the C-terminal region, from cbEGF41 to the 2Cys domain, for the efficient incorporation of fibrillin-1 into microfibrils, not just for secretion.
Discussion
Various mouse models have been created to study the role of fibrillins in tissue homeostasis and disease pathology (27, 28) , however whole organism models do not provide a molecular understanding of the microfibril assembly process. Additionally, some simpler model organisms such Drosophila melanogaster and Caenorhabditis elegans, do not have fibrillin homologs (8) . To address this issue, we used recent structural data on the fibrillin-1 N terminus (16, 17) to develop a tissue culture-based microfibril incorporation assay using a GFP-tagged variant of fibrillin-1. The choice of site for the introduction of an epitope tag into fibrillin-1 is complicated by the highly disulphide-bonded nature of the molecule and the lack of high resolution data on the molecular surfaces involved in intermolecular interactions. The determination of the structure of the fibrillin-1 N-terminal domains showed that the N terminus of the mature polypeptide is unstructured and highly flexible (17) , providing an opportunity for the creation of a tagged version of human fibrillin-1. We placed the sequence for enhanced green fluorescent protein within a series of glycine residues immediately downstream of the N-terminal furin cleavage site. Using this construct, we developed a transient HEK293T/ fibroblast coculture microfibril binding assay. A similar assay system has recently been described using stably transfected HEK293 cells in coculture with mouse fibroblasts (19) .
Processing of fibrillin by furin has been indicated as a prerequisite for microfibril incorporation by previous studies (6, 9); our assays using the GFP-FbnRRAA mutant now confirm these data. This unprocessed mutant is secreted and allowed us to show specifically and directly that blocking the cleavage of the C-terminal propeptide of full-length fibrillin-1 prevents binding to microfibrils. Deletion of the C-terminal propeptide, as in the construct N-2Cys, results in intracellular retention. Our data thus indicate that the presence of the propeptide is essential for the secretion of full-length fibrillin-1 and prevents premature assembly. The lack of an effect seen on the levels of secreted endogenous fibrillin-1 in fibroblasts stably expressing the C-terminally truncated N-cb36-2Cys construct indicates that the retained, presumably aggregated species do not interact with endogenous fibrillin-1 polypeptides to prevent their secretion. These recombinant data are consistent with previous data from MFS fibroblast lines that always show some full-length fibrillin-1 secretion, irrespective of the fibrillin-1 mutation. The retention of some of the N-cb constructs ( Fig. 2A) was interesting considering that constructs spanning the fibrillin-1 C terminus without the propeptide have previously been purified from culture medium (10) . The reason for this is unknown, but may relate to differences in recombinant protein concentration or the presence of the N terminus in our fragments.
To investigate the role of the propeptide further, we assessed the effects of disease-associated mutations on GFP-Fbn secretion. A previous study of a MFS-associated truncation in the C-terminal propeptide, W2756X, showed that loss of the bulk of the propeptide resulted in intracellular retention (29) . The R2776X, Y2849X and Q2867X MFS-associated truncations (21) (22) (23) show the same effect in our GFP-Fbn system. The Q2867X truncation, which was associated with a case of classical MFS (23), lacks only 5 residues from the C terminus, demonstrating that essentially the entire propeptide is required for its function. In addition, the intracellular retention caused by the single amino acid L2780P substitution (20) , which affects a highly conserved leucine, suggests that the function of the propeptide is dependent on its native structure and/or interactions. Recently a correlation has been established between a subset of mutations affecting the fibrillin-1 C terminus and a neonatal, progeroid form of MFS (30) (31) (32) (33) (34) . All of these mutations result in a frameshift with the introduction of a stop codon before the sequence encoding the C-terminal furin cleavage site (33) . The transcripts in these cases are unlikely to undergo nonsense-mediated decay (24) and the resulting polypeptides would be similar to the N-2Cys and N-cb43 variants described here. Further investigation is required to determine whether these mutant fibrillins are retained, like our truncated constructs, or if they are secreted and function in a dominant negative manner.
Hubmacher et al. (10) showed that the final four domains of processed fibrillin-1, including domains cbEGF41-43, regulate The N-cb40 truncation shows deficient microfibril incorporation relative to wild-type. Construct 34X showed no improvement in microfibril binding relative to N-cb40, suggesting that a specific interaction involving domains cbEGF41-2Cys is involved in the binding of GFP-Fbn to microfibrils.
the multimerization of the C terminus, although they do not contain the actual multimerization site. This C-terminal assembly results in the formation of structures that are similar in appearance to the beaded filaments observed in preparations of isolated microfibrils when viewed by rotary shadowing (35) and increases the apparent affinity of this region for N-terminal domains. N-to C-terminal interactions between fibrillin molecules then mediate the head-to-tail alignment of fibrillin monomers early in microfibril assembly (12, 14) . We have now shown that deletion of domains cbEGF41-43 from full-length fibrillin results in intracellular retention, and that replacing this region with domains cbEGF32-34 is not sufficient to salvage secretion. Removal of the 2Cys and C-terminal propeptide domains from the 32-34swap construct (34X) rescued secretion and showed that the intracellular retention observed for the 32-34swap construct was due to the presence of these C-terminal domains. Collectively, our data indicate a functional interplay between domains cbEGF41-2Cys and the propeptide. A folding dependence of cbEGF41-43 on the propeptide, or vice versa, with the latter potentially acting as an intramolecular chaperone, would prevent premature assembly in the cell and would be a reasonable explanation for our observed data. The architecture of the C-terminal/propeptide complex would then mask a site required to facilitate the C-terminal multimerization observed by Hubmacher et al. (10) . Although we cannot exclude the possibility that the propeptide prevents the N-to C-terminal interactions that allow head-to-tail growth of microfibrils, this seems unlikely considering that intermolecular interactions between the N and C termini are relatively weak and dependent on the increased avidity observed on C-terminal multimerization.
Our data suggest an interaction between the last three cbEGF domains and unique C-terminal region of fibrillin-1 that is crucial for regulating fibrillin assembly. Several extracellular proteins have C-terminal propeptides that regulate their assembly into larger complexes. Collagen C-terminal propeptides are involved in trimerisation and chain selection within the cell, and in maintaining the solubility of the protein until secretion when C-terminal propeptide cleavage initiates fibril assembly (36) . Similarly, C-terminal propeptides control the assembly of zona pellucida domain-containing proteins by blocking intracellular association (37, 38) . We propose a mechanism in which the C-terminal propeptide of fibrillin-1 influences the interactions of its adjacent domains to prevent premature aggregation within cells (Fig. 6 ). Furin processing of the propeptide at the cell surface is then coupled to the multimerization step that initiates microfibril assembly.
Materials and Methods
Plasmid Construction and Mutagenesis. The sequence encoding EGFP was initially inserted into a variant of the plasmid pKG52(polyA), which was modified to encode a fragment of fibrillin-1 from the N terminus to the proline-rich region (39), using an overlapping PCR method as described (40) . The resulting plasmid, pKG-GFPNPro, has an EGFP DNA sequence positioned immediately downstream of the sequence encoding the fibrillin-1 N-terminal furin cleavage site. The N-terminal sequence of the processed, secreted polypeptide is RGGAAA-EGFP-AAAGGGGGGHDAL, where residues in bold correspond to residues from the fibrillin-1 unique N-terminal domain, EGFP refers to the enhanced green fluorescent protein sequence, and residues in plain text correspond to sequences resulting from the insertion of NotI restriction sites either side of the GFP sequence and a poly-glycine linker.
To create pcDNA-GFPFbn, the SalI-EcoRI fragment from the plasmid pFib (41) was subcloned into pUC18 to create pUC-FibSalEco. The SpeI-KpnI fragment of this plasmid was then replaced with the corresponding SpeIKpnI fragment from pKG-GFPNPro to produce pUC-GFPFibSalEco. The SpeIEcoRI fragment from this plasmid was used to replace the corresponding fragment in pFib to create pCR-GFPFbn, which encodes a full-length fibrillin-1 with an N-terminal GFP tag. The SalI fragment of pCR-GFPFbn was inserted into the XhoI site of pcDNA3.1/V5-HisA (Invitrogen) to create the expression construct, pcDNA-GFPFbn. Mutant versions of pcDNA-GFPFbn were created either by an overlapping PCR method (40) , or with the QuikChange Lightning mutagenesis kit (Agilent).
Plasmids pKGNter-cb36-Pro and pKGNter-cb36-2Cys, encoding constructs of the fibrillin-1 N terminus up to the proline-rich region fused to either domains cbEGF36-propeptide (residues 2291-2871) or cbEGF36-2Cys (residues 2291-2731), respectively, were created using the pKG52(polyA) vector as described (39) . Pools of stable, puromycin resistant cell lines expressing these constructs were created using MSU-1.1 fibroblasts (>80 clones per pool) to overcome the low transient transfection efficiency of fibroblasts and to average out the effects of variations in expression levels between individual clones.
Antibodies. The rabbit anti-fibrillin-1 polyclonal antibody, raised against the proline-rich region, has been described (39) . Chicken anti-GFP (ab13970) and goat anti-chicken HRP conjugate (ab6877) were from Abcam. Goat antichicken Alexa488 and goat anti-rabbit Alexa568 were from Invitrogen. Goat anti-rabbit HRP conjugate (A8275) was from Sigma.
Microfibril Incorporation Assay. HEK293T cells grown in six-well plates were transfected with GFP-Fbn constructs using Lipofectamine 2000 at ∼90% confluence. Twenty-four h after transfection, cells were trypsinized, resuspended in 3 mL of Dulbecco's modified Eagle medium supplemented with 2 mM glutamine, 50 U/mL penicillin, 50 μg/mL streptomycin, and 10% (vol 6 . Model for the role of the fibrillin-1 C-terminal propeptide in microfibril assembly. In the secretory pathway, the C-terminal propeptide (black oval) interacts with the C terminus (red), masking a critical assembly site. It may also directly chaperone folding of this region. Propeptide truncations and missense mutations (N-2Cys and MFS mutations), or deletion of cbEGF41-43 (Δ41-43), lead to misfolding and intracellular retention. Just before or after secretion (1), the propeptide is cleaved by furin. At the cell surface, heparan sulfate proteoglycans (HS) bind fibrillin at multiple sites (only N-terminal binding is shown for clarity) and limit its diffusion into the matrix. After propeptide cleavage, the exposed C terminus multimerizes at a site N-terminal to cbEGF41-43 (2), which is an initial step in microfibril assembly (3) . Failure to cleave the propeptide, as in the RRAA variant (4), allows secretion but blocks microfibril assembly.
Immunoblotting was carried out as described (25, 39) , using a chicken anti-GFP antibody followed by a goat anti-chicken HRP conjugate and enhanced chemiluminescent detection. Deglycosylation assays with endoglycosidase H were carried out as described (39) .
Immunofluorescence Microscopy. Cocultures of HEK293T and FS2 cells were washed twice with PBS and fixed with 4% (wt/vol) paraformaldehyde in PBS for 10 min at room temperature. After quenching with 50 mM NH 4 Cl in PBS for 3 min and rinsing with PBS, cells were blocked with 10% (vol/vol) FBS in PBS (PBS-F) for 15 min at room temperature. Cells were then incubated with primary antibodies against fibrillin (1:200) and GFP (1:1,000) diluted in PBS-F for 60 min without prior permeabilization. After washing five times with PBS-F, the slides were incubated with fluorescently labeled secondary antibodies diluted 1:200 in PBS-F for 60 min at room temperature. Slides were then washed three times with PBS-F, and nuclei were counterstained with 1 μg/mL DAPI in PBS for 5 min. After further washes with PBS and water, the slides were coverslipped with Vectashield (Vector Laboratories). Images were collected using a Zeiss Axioplan 2 microscope with AxioVision Rel. 4.8 software. Contrast was adjusted with ImageJ software. Direct visualization of GFP-Fbn fluorescence was not possible in the ECM (Fig. S2 ), most likely due to the low concentrations of recombinant protein diffusing to the sites of assembly on the fibroblasts. As the cells were not permeabilized before staining, intracellular GFP-Fbn fluorescence could be used to compare transfection efficiencies between constructs.
